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Lithium niobate (LiNbO3) is becoming popular in microelectronics and photonics research due to 
its exciting physical properties. Properties such as large electro-optic and piezoelectric 
coefficients make lithium niobate an excellent material for RF-photonics platforms that require 
center frequency tuning and large bandwidth for modulation. Photonic microresonators 
developed in LiNbO3 thin-films serve as the basic design unit of such platforms. This thesis 
provides preliminary characterizations of LiNbO3 whispering-gallery-mode microring and 
microdisk resonators, a single-ring filter, and grating couplers. The theory, simulation, 
fabrication, and experimental results of these devices are presented. Fabricated grating couplers 
with center wavelengths around 1560 nm are characterized and their insertion losses are 
explained. Microring and microdisk resonators with quality factors of 3-4 × 104 and a microring 
wavelength-dropping filter with a quality factor of 6.8 × 103 are demonstrated. Finally, the 
challenges in LiNbO3 micromachining and testing are discussed and future work for this research 
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Chapter 1: Introduction 
1.1  Motivation 
In the past few decades, the rapid expansion of the Internet has led to a large increase in network 
traffic. The exponential growth of services provided by telecommunication networks fostered the 
need to upgrade transmission capacity and provide users with faster access to data. Optical fiber, 
with exceptionally low loss (0.2 dB/km) and extremely high bandwidth (>50 THz), became the 
preferred transmission medium for networking infrastructures when dealing with data over a few 
tens of megabits per second (Mbits/s) and distances over a kilometer long [1]. Efficient data 
transmission requires proper integration of optical cables to and from electronic components. 
Because electronic rates are limited, achieving great bandwidths relies on using optical fiber in 
independent data streams. 
  
Wavelength-division multiplexing (WDM) has become a popular method of accessing the 
immense bandwidth of optical networks. WDM works by multiplexing multiple data channels, 
each using a carrier at a distinct wavelength, into a single optical fiber channel, providing an 
increase in the amount of data transmitted that is proportional to the number of channels. WDM 
structures, such as add/drop filters, have typically been used for long-haul point-to-point links 
with channels that are multiplexed at the transmission side and then resolved at the receiving side 
through demultiplexers (Fig. 1.1a). Coupled whispering-gallery-mode (WGM) resonators – such 
as coupled microring and microdisk resonators – show promise in optical add/drop filtering 
applications because of their high wavelength selectivity and small form factor (Fig. 1.1b). The 
WGM photonic microresonator (Fig. 1.1c) is the fundamental building block of these filters. 
 
Today, the challenge is to develop improved photonic devices with the required performance to 
be implemented in WDM systems for advanced, future optical telecommunications networks. 
The idea is to harness the properties of a single material for achieving a wide tuning range and 
high performance filtering, and to integrate these capabilities into a monolithic photonic platform 
for telecom. Because LiNbO3 is a promising material for such a platform, the LiNbO3 WGM 
microresonator serves as a point of focus for this thesis. 
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1.2  A Lithium Niobate-Based Platform 
In the past, several examples of microresonators have been proposed and realized in various 
materials such as silicon [2], silica [3], and even bulk lithium niobate [4]. Unfortunately, silicon-
based resonators are limited to infrared wavelengths; silica does not provide electro-optic 
properties and is limited in terms of signal modulation and tunability; and, bulk lithium niobate 
resonators have dimensions on the millimeter-scale, because of difficulties in micromachining 
the bulk material, making them hard to integrate with devices that are becoming more and more 
miniaturized [5]. However, with the recent emergence of LiNbO3 thin-films integrated on carrier 
substrates via the ion slicing technique [6], achieving a compact photonic front-end module 
based on LiNbO3 with tunable filters for WDM may very well be possible. Devices enabled by 
micromachining these films show potential for an extensive range of applications due to the large 
transparency range (0.4 - 5µm) [7] and large electro-optic coefficients (r33 = 31 pm/V, r13 = 8 
pm/V) [8] of single crystal LiNbO3. The large transparency range permits a wide scope of 
operating wavelengths while the pronounced electro-optic properties allow large modulation 
depth and wideband tunability needed for optical telecom systems.  
 
The main LiNbO3-based device explored in this thesis is the WGM resonator. The concept of the 
resonator is at the heart of technology for controlling coherent light (light that exhibits a fixed 
phase relationship between its electric field at different locations or at different points in time). 
The most common WGM resonator consists of a bus waveguide evanescently coupled to a 
microring or microdisk cavity, where the light from the bus waveguide couples into the cavity at 
 
Fig. 1.1 (a) Diagram of a WDM system. (b) Field profile of an optical add/drop filter made with 2 
coupled microring resonators. (c) SEM image of a microring resonator. 
3 
 
specific wavelengths. This allows the isolation and transmission of a selected wavelength from 
one waveguide to another, enabling optical filtering 
 
The practical demonstration of the lithium niobate resonator requires an effective method of 
coupling light between on-chip photonic devices and experimental equipment, such as optical 
sources and photodetectors. Recent reports have explored optical coupling in LiNbO3 WGM 
resonators using suspended tapered fibers [9] or edge coupling fibers [10]. Stand-alone grating 
couplers in x-cut LiNbO3 have also been studied [11]. This work, however, reports a z-cut LN 
thin-film WGM microdisk resonator integrated with input and output grating couplers (Fig. 1.2). 
The grating coupler approach allows light to be coupled from anywhere on the surface of an 
optical chip. This eliminates the need for lenses, spot-size converters, and fragile fiber tapers, 
and enables heterogeneous integration (e.g. flip chip) with a light source. The goals of this thesis 
research are to understand how the LiNbO3 microdisk resonator works and to experimentally 
validate its performance as the basic unit on which applications such as electro-optic modulators 
and photonic add/drop filters can be built.  
 
1.3  Organization of This Thesis 
This thesis provides the theoretical background, physical modeling, fabrication, and 
experimental validation of WGM photonic microresonators in LiNbO3. Lithium niobate-based 
 
 
Fig. 1.2 Top view schematic of bus-coupled microdisk resonator and grating couplers. 
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grating couplers are also explored in depth as a method for coupling light to and from on-chip 
devices such as the resonators. 
Chapter 2 provides insight into some important physical properties of LiNbO3, which affect its 
behavior as an optical material. The optical anisotropy and birefringence are discussed and a 
mode analysis study is performed to obtain the values of the effective refractive index and other 
important parameters needed to model LiNbO3 waveguiding structures. 
Chapter 3 investigates grating couplers as a method for coupling light to and from off-chip 
components, such as light sources and photodetectors. The chapter explores the advantages and 
disadvantages of this coupling scheme and the theory that governs its operation. Finally, various 
grating coupler designs are discussed and simulated.  
Chapter 4 delves into the concept of a WGM resonator and the coupled-mode theory equations 
that are used to design LiNbO3 microring and microdisk resonators. The devices are simulated 
and analyzed. This chapter also includes a discussion of a ring resonator-based add-drop filter. 
Chapter 5 presents a fabrication overview for the devices, including a brief discussion of the 
lithography mask designed. The experimental setup is explained and measurement results are 
presented. Finally, the experimental data is analyzed in-depth. 
The thesis concludes with Chapter 6, which provides a cohesive recap of the devices explored 
and discusses future directions of this research. 
Appendix A shows important procedures and settings needed in using the Lumerical FDTD and 
MODE Solutions software used in creating the physical model for the devices discussed. 
Appendix B shares the cleanroom tool settings and processing recipes. Appendix C includes 
descriptions of the Thorlabs APT program used to control the motors used for device alignment 
and the LabVIEW program used to acquire the optimal alignment program.  
5 
 
Chapter 2: Properties of Lithium Niobate 
2.1  Background 
In 1966, Bell Laboratories started a series papers of investigating the structure and properties of 
single crystal lithium niobate (LiNbO3) [12-16]. Today, LiNbO3 is one of the most prominent 
materials used for acoustic [6] and electro-optic devices [17] due to its large electro-optic and 
piezoelectric coefficients [6], large bandgap (wide transparency range), and its relatively large 
acousto-optic figure of merit [6]. These large-magnitude physical properties of LiNbO3 lend 
themselves to applications such as acoustic wave transducers [18], acoustic filters [19], optical 
modulators [20], Q-switches [21], and many others.  
 
Although research is progressing towards chip-scale LiNbO3 devices, creating efficient 
monolithic micro- and nanophotonic LiNbO3 circuits remains a challenge. Part of this difficulty 
lies in dry etching LiNbO3 which results in waveguides with large optical losses. Furthermore, 
conventional, ion-diffused LiNbO3 waveguides are limited by low refractive index contrast 
between the core and cladding, resulting in large-area optical modes and lower electro-optic 
efficiency [22]. Hence, current LiNbO3 devices are typically bulky, discrete, and require large 
voltage inputs. Heterogeneous platforms, where the device layer is a material that is easier to 
etch, are also being explored [23]. While these devices have better performance in terms of 
signal integrity, they may ultimately face performance tradeoff limitations in areas such as 
modulation efficiency and bandwidth.  
 
The recent emergence of LiNbO3 thin-films on insulator shows promise in creating chip-scale 
circuits. The films are created by the ion-slicing technique that takes bulk LiNbO3 and bombards 
the surface with high doses of He+ ions. This deep-ion implantation process causes a damage 
layer several microns beneath the surface. The lattice mismatch in the damage layer induces a 
significant etch selectivity relative to the rest of the material and the difference in etch rates can 
be utilized to exfoliate the top thin-film from the bulk LiNbO3 [24]. The film separation is carried 
out through hydrofluoric acid (HF) etching and the film is then bonded to the LiNbO3 substrate 
through oxide bonding [24]. This procedure has paved the way for new and developing 
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fabrication procedures that allow direct microstructuring of LiNbO3 thin-films. The devices 
made possible by these thin-films have smaller optical mode volumes, larger electro-optic 
efficiencies, and still provide access to all the exciting properties LiNbO3 offers along with the 
possibility of monolithic integration.  
 
2.2  Optical Anisotropy of Lithium Niobate 
When designing photonic devices in LiNbO3, it is important to model guided-wave optics in the 
material accurately. LiNbO3 is an anisotropic material, indicating that physical properties 
measured along different axes behave differently. The crystal structure of LiNbO3 exhibits three-
fold rotation symmetry about its c axis, classifying it in the trigonal crystal system (Fig. 2.1a). 
The LiNbO3 used in this research is z-cut, indicating that the z-axis in the 3D crystal plane is 
oriented upwards. This crystal structure makes LiNbO3 birefringent. Thus, any beam of light that 
interacts with the crystal splits into two polarizations that travel at different velocities. The 
refractive index of LiNbO3 depends on the polarization of the light passing through it. In 
particular, LiNbO3 displays uniaxial birefringence, in which the optical anisotropy occurs in a 
single direction and the directions perpendicular to this axis are optically equivalent. Light that is 
polarized perpendicular to the special axis is governed by the ordinary refractive index, no, while 
light polarized along that axis is governed by the extraordinary refractive index, ne, as shown in 
the index ellipsoid for LiNbO3 (Fig. 2.1b). Birefringence is quantified by the difference between 
the extraordinary and ordinary refractive indices as shown in Eq. 2.1 [27]: 
 
 
Fig. 2.1. (a) Crystal stacking sequence of lithium niobate along the crystallographic c-axis with black 
atoms as lithium, dark gray as niobium, and light gray as oxygen [25]. (b) Sketch of the lithium niobate 
index ellipsoid showing ordinary and extraordinary refractive index axes [26]. 
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 ∆! = !! − !! (2.1) 
Table 2.1 shows the list of ordinary and extraordinary refractive index values of LiNbO3 as 
provided by NanoLN, which provided the transferred LiNbO3 thin films that were used for this 
research.  
 
Table 2.1. Spectral dependence of the refractive index of LiNbO3 
Wavelength (µm) no ne 
1.228000 2.223511 2.148157 
1.274000 2.221478 2.146414 
1.320000 2.219559 2.144772 
1.366000 2.217736 2.143212 
1.412000 2.215992 2.141722 
1.458000 2.214314 2.140290 
1.504000 2.212690 2.138905 
1.550000 2.211111 2.137560 
1.596000 2.209568 2.136246 
1.642000 2.208054 2.134959 
1.688000 2.206562 2.133691 
1.734000 2.205088 2.132440 
1.780000 2.203626 2.131200 
1.826000 2.202173 2.129968 
1.872000 2.200725 2.128742 
 
 
2.3  Wave Propagation and Mode Analysis 
When a light beam propagates in either free space or a waveguide consisting of a transparent 
medium, its transverse intensity profile changes during propagation. However, there are certain 
distributions of the electromagnetic field that are self-consistent during propagation. These field 
distributions are called modes, which are solutions to the Helmholtz wave equations (Eqs. 2.2-
2.3). The wave equations are derived from Maxwell’s equations. 
 
In the equations above, E and H are the electric and magnetic field vectors, respectively. ! and 
! are the permittivity and permeability tensors, respectively. These equations reflect that there 
 ∇!!− !" !!!!!! = 0 (2.2) 
 ∇!! − !" !!!!!! = 0 (2.3) 
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are no current or charge sources. Typically, the media is assumed to be homogeneous and 
isotropic. That is, the permittivity and permeability are assumed to be a scalar constant. 
However, when we deal with electromagnetic waves propagating in an anisotropic media, as is 
the case with LiNbO3, the permittivity tensor takes the form of 
 






where !! ,!! ,  and !!  are the principle indices of refraction. For LiNbO3, the xy-plane is 
governed by the ordinary index (!! = !! = !! ), while the z-axis is governed by the 
extraordinary index (!! = !!) [26]. Furthermore, LiNbO3 is assumed to be nonmagnetic, so the 
permeability is a scalar constant with a value of !!. 
 
For light propagating in a waveguide, an overall phase change or change in total optical power 
can happen. These changes are described by the propagation constant, γ = α+iβ, where α is the 
attenuation constant that causes a signal amplitude to decrease as it propagates through the 
waveguide, and β is the phase constant, which indicates the change in phase per unit length along 
the path travelled. The phase constant is given by the product of the effective refractive index, 
neff, and the wavenumber, 
!!
!  (Eq. 2.5). The wavenumber represents the phase delay per unit 
length of propagation of a wave and the effective refractive index measures the overall delay of a 
light beam in a waveguiding component. 
 
 ! = !!! !!"" (2.5) 
 
A waveguide can only host a finite number of guided modes for a particular wavelength. The 
number of guided modes, their field profiles, and their propagation constants depend on the 
waveguide structure and operation wavelength. A single-mode waveguide has only a single 
guided mode per polarization direction (transverse electric, TE, or transverse magnetic, TM) and 
it is the type of waveguide that is used in this thesis. The benefits of single-mode operation over 
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multimode operation include lower propagation losses over longer distances and the avoidance 
of intermodal dispersion. Evaluating  
 
the cutoff guidance condition (Eq. 2.6) for an asymmetric slab waveguide (Fig. 2.2) allows us to 
find the maximum thickness of the LiNbO3 thin-film such that only the fundamental TE and TM 
modes are supported. For the wave to be guided, !! must be larger than both !!  and !! . 
Assuming !! > !! and !! = !! = !!, the cutoff condition for the (m+1)st mode is [28], 
 




where !! = !!!!,  !! = 2!/!, and ! is either 0 or a positive integer. Based on an operation 
wavelength of ! = 1550 nm, !!"# = 1, and !!"!!= 1.445 the maximum thickness of the LiNbO3 
waveguide that supports only single-mode operation for ordinary polarization is 543 nm because 
!!"#$!! = 2.211. It is 583 nm for extraordinary polarization because !!"#$!! = 2.138. 
  
When designing any type of optical waveguiding device, it is important to first determine the 
effective refractive index, the propagation constant, the optical confinement factor, and the mode 
profiles for both TE and TM polarizations. A mode analysis study of a LiNbO3 waveguide was 
conducted to compute these factors. The simulation was carried out by the Lumerical MODE 
 
Fig. 2.2. Schematic side-view of a guided mode in an asymmetric lithium niobate waveguide.  
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Solutions software, which uses the Finite Difference Eigenmode (FDE) solver to calculate the 
spatial profile and frequency dependence of the modes by solving Maxwell's equations on a 
cross-sectional mesh of the waveguide.  
 
The first steps to simulating LiNbO3 waveguides in Lumerical require the design of the 3D 
model and the implementation of LiNbO3 in the material database. The 3D model is based on 
dimensions and layer information provided by NanoLN for their wafers and consists of: (1) a 
LiNbO3 waveguide with a 400 nm x 1µm cross-section, (2) 2 µm of silicon dioxide (SiO2), also 
called the buried oxide layer (BOX), and (3) a 500 µm thick LiNbO3 carrier substrate (Fig. 2.3a). 
The thickness of the thin-film is within the maximum thickness for single-mode propagation 
calculated above. The Lumerical software reads in a text file of the sampled wavelengths, and 
the real and imaginary refractive indices for !! ,!! , and !!, respectively. The software then fits 
its Eigensolver model to the material data based on the fit tolerance, fitted-wavelength range, and 
maximum number of model coefficients selected. The fitted models are plotted in Figs. 2.3 b and 
c. 
 
The TE and TM modes of the LiNbO3 waveguide are computed by the Eigensolver by using the 
finite difference time domain (FDTD) algorithm to mesh the waveguide geometry and then 
formulating Maxwell’s equations into a matrix eigenvalue problem. The equations are solved 




Fig. 2.3. (a) 3D model of LiNbO3 waveguide in Lumerical MODE Solutions. Eigensolver model fitted 
to the (b) ordinary and (c) extraordinary refractive index data of LiNbO3.  
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waveguide modes [29]. The fields are normalized such that the maximum electric field intensity 
! ! is 1. The fundamental mode profiles are shown in Fig. 2.4 and the effective indices are 
given in Table 2.2.  
 
Table 2.2. Simulation results for the TE and TM modes. 





TE 1.798 7.29 0.79 
TM 1.642 6.66 0.66 
 
The values in Table 2.2 provide some insight on how light propagates through a LiNbO3 in terms 
of quantifying the fraction of power that is guided though the waveguide (Γ) and how the phase 
changes over a certain distance (β). We can see that the TE mode is more tightly confined in the 
waveguide core. The effective index values are important in calculating these factors and will 







Fig. 2.4. Mode profiles of a LiNbO3 waveguide for the fundamental (a) TE mode and (b) TM mode. 
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Chapter 3: Optical Coupling Using Grating Structures 
3.1  Background and Theory 
In 1665, the Italian mathematician and physicist, Francesco Grimaldi, first discussed the 
phenomenon of diffraction. He observed that the shadow produced by a solid rod held in front of 
a sliver of light was wider than what was expected using geometric optics. He also noticed that 
the edges of the shadow seemed to be bordered by bands of different colors. He named the 
phenomenon “diffractio” and was one of the first to support the wave nature of light [30]. 
Diffraction is quite generally the bending of a wave as it encounters an obstacle or passes 
through an aperture. The diffracted parts of the wave that pass through exhibit interference 
patterns due to superposition. Devices that have a repeating array of diffractive elements to 
change the amplitude, phase, and direction of a light beam are called diffraction gratings. 
 
There are two general categories of diffraction gratings: amplitude gratings and phase gratings. 
Amplitude gratings typically consist of a series of slits. As their name suggests, amplitude 
gratings modulate only the amplitude of the wave transmitted through the slits by periodically 
blocking or attenuating the beam [31].  Phase gratings, which are the type of diffraction gratings 
studied here, are made up of an array of thinly spaced ridges alternating in refractive index, 
which adjust the phase and wave vector of beam transmitted through the gratings [31]. Figure 3.1 
shows two popular types of phase gratings. The binary grating (Fig. 3.1a) is the most common as 
it is the simplest to fabricate. It consists of rectangular ridges of alternating indices, which can 
typically be patterned by photolithography (or electron-beam lithography in the case of sub-
micron spacing between the ridges). The blaze grating (Fig. 3.1b) is useful when strong 
preferential coupling is needed, but it is more difficult to manufacture due to the angled ridges.  
 
Diffraction gratings are important in many applications because they transmit light at discrete 
angles, called diffractive orders. Gratings that are used to couple light from one medium or 
device into another are called grating couplers. Today, grating couplers are used in applications 





In terms of the physical operation, a grating coupler equation, which relates the diffraction angle 
θm to the wavelength, grating period, and refractive indices of the cladding and waveguide 
materials, can be derived from examining how light propagates and scatters from the output 
grating couplers (Fig. 3.2). Whether the input or output set of gratings is examined is 
insignificant since they represent a reciprocal system (i.e. the input angle, θi, will be equal to the 
output angle by reciprocity). In this derivation, we are essentially applying the boundary 
conditions for electric fields, which states that the tangential components of the field must be 
continuous across a boundary. 
 
The undiffracted wave propagating through the waveguide is given by the wave vector ki. The 
diffracted wave of the mth diffraction order is given by the wave vector km, where m = 0, ±1, 
±2, ... The diffraction grating also has a corresponding grating vector given by K = 2π/Λ in the 
direction of the grating periodicity, where Λ is the grating period. The diffracted wave vector can 
be thought of as the vector sum of the incident (undiffracted) wave vector and an integer multiple 
of the grating vector. Thus, the interaction of the grating in redirecting the incident light can be 
written as 
 
 !! = !! −!! (3.1) 
 !! = !!! !!"#$(!"# !! ! + !"# !! !) (3.2) 
 !! = !!! !!""(sin!! ! + cos!! !) (3.3) 
where nclad is the refractive index of the cladding material above the gratings, and neff is the 
effective index of the waveguide.  
 




Since the grating vector is in the x-direction, comparing the x-components of the vectors and 
simplifying gives the grating equation (Eq. 3.4). 
 
 sin!! = !!!"#$  !!"" −
!"
!  (3.4) 
From the equation above it is easy to see that the design of grating couplers has a strong 
dependence on the wavelength, λ. The coupling efficiency of a grating coupler can be calculated 
through rigorous methods using coupled wave equations, but that is beyond the scope of this 
thesis. Efficiency of the grating couplers was obtained through FDTD simulations, which are 
discussed in the next section. Unfortunately, the coupling efficiency for grating couplers is 
limited since the light coming in is not only being coupled into the waveguide but also down into 
the substrate and part of it is being reflected. Distributed Bragg-reflectors added beneath the 
BOX layer [32], antireflection coatings added to the grating surface [33], and focused gratings 
[34] are all methods to improve grating coupling efficiency that are currently being explored.  
 
3.2  Design of a LiNbO3 Grating Coupler 
In this section, we explore a LiNbO3 phase diffraction grating coupler with binary gratings. The 
design of a grating coupler takes into account several parameters that determine the operating 
wavelengths, diffraction angle, and coupling efficiency. They include (1) the grating period 
(often called pitch), Λ, which is the length comprising a single rise and fall of the gratings, (2) 
the duty cycle (often called the fill-factor), d, which is the fraction of the period that consists of 
the rising portion, and (3) etch depth, e, which is the vertical distance etched into the grating 
material. Figure 3.3 provides a schematic of these parameters. 
 




Based on the grating equation (Eq. 3.4), a center wavelength of 1550 nm, an incident angle of 8o, 
a first order diffraction grating (m = 1), and the effective index computed by the Lumerical FDE 
solver, an initial grating coupler period was calculated to be 1.04 µm. Figure 3.4a shows the two-
dimensional (2D) FDTD input grating coupler model created using the Lumerical software and 
Fig. 3.4b shows the field profile which demonstrates light being diffracted by the gratings and 
coupling into the LiNbO3 waveguide. The scale bar represents the relative intensities of the 
electric fields in the image. An optical fiber placed 2 µm above the top of the LiNbO3 thin-film is 
used to provide the input light for the grating couplers. The grating equation assumes a duty 
cycle of 50% and an infinitely long grating coupler. Of course, this is neither optimal nor 
realistic and does not give a very high coupling efficiency. Hence, a particle-swarm optimization 
algorithm [35] was run to find a combination for the grating period and duty cycle so that 
transmission is maximized. The normalized power transmission spectrum of the grating coupler 
with the optimized period and duty cycle is shown on a linear scale in Fig. 3.5a and on a log-
scale in Fig. 3.5b. The etch depth was chosen to be the full thickness of the LiNbO3 
(approximately 410 nm based on data provided by NanoLN and MProbe thin-film thickness 
measurements), so that the entirety of the thin film can be used to confine the mode. The optical 
fiber was held at an 8o angle from the vertical axis in order to prevent second order reflections 
from the grating coupler back into fiber. Furthermore, a top cladding layer of 500 nm SiO2 was 
added to match the refractive index of the optical fiber, reducing the reflections at the fiber facet 
and slightly increasing the coupling efficiency. The top cladding thickness was also optimized 
using the particle-swarm algorithm. It is important to note that while the top oxide cladding 
increases coupling efficiency, it also causes a redshift in the transmission curve. The grating 
parameters were re-optimized after the addition of the top cladding. In the end, an expected 
coupling efficiency of about 20% (insertion loss of about 7dB) was obtained from the simulation. 
The final design parameters for the 2D FDTD model are presented in Table 3.1. 
 
Fig. 3.3. Schematic diagram of grating coupler design parameters. 
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Table 3.1. Simulated design parameters and expected result for a LiNbO3 grating coupler. 
Parameter Value 
Grating period (µm) 1.16 
Duty cycle 0.65 
Film thickness (nm) 410 
Etch depth (nm) 410 
Top cladding thickness (nm) 500 
Grating length (µm) 20 




Fig. 3.4. (a) Schematic diagram of 2D FDTD grating coupler design in Lumerical. (b) Field profile of 
grating coupler simulation at 1550 nm. 
 
 
Fig. 3.5. 2D FDTD simulation results showing (a) normalized transmission spectrum of grating 
couplers with and without top oxide cladding, and (b) transmission of grating couplers with and 
without top oxide cladding.  
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In addition to establishing the optimized grating coupler parameters, it is important to ascertain 
how variations in a specific parameter affect the grating coupler transmission spectrum and 
coupling efficiency. Such tests provide insight into the discrepancies between the fabricated and 
simulated dimensions once the devices are characterized. A series of simulations were run to 
demonstrate how varying grating period, duty cycle, etch depth, and film thickness affect 
transmission. Apart from the factor being varied in each simulation, the grating coupler design 
parameters were set to the values in Table 3.1, and the transmission response was obtained over a 
wavelength range extending from 1450 nm to 1650 nm. The results are shown in Fig. 3.6. In 




Fig. 3.6. 2D FDTD simulation results showing how transmission changes with the (a) grating period, 




Figure 3.6a shows the effect of the grating period on the transmission. We observe, as expected, 
that the grating period has a strong effect on the center wavelength. As the period increases, so 
does the center wavelength, which is consistent with the grating equation (Eq. 3.4). The coupling 
efficiency, however, is not affected significantly. Figure 3.6b shows the effect of duty cycle on 
transmission. As the duty cycle increases, the transmission curve moves towards higher 
wavelengths and the coupling efficiency increases. However, the efficiency reaches a maximum 
and starts to decrease again (although it is not seen within the wavelength range simulated). This 
makes sense considering that after a certain point, the air gap separating each grating period 
becomes too small to properly diffract the light and starts behaving more and more like a straight 
waveguide. Figure 3.6c shows the effect of etch depth. As the etch depth changes, we can expect 
the effective index and the reflectivity in a given area to also change. Lower etch depths indicate 
higher effective refractive indices. This shows up in the transmission spectrum as a redshift and 
is once again consistent with the grating equation. However, it is interesting to note that the 
effect is more prominent for films that are under-etched (e < 410nm). Over-etching the sample 
decreases coupling efficiency but does not change the center wavelength as greatly as under-
etching. Finally, the effect of the LiNbO3 film thickness is shown in Fig. 3.6d. The coupling 
efficiency tends to increase as the film thickness increases. This is because the optical 
confinement factor increases as the cross-sectional area of the waveguide increases. However, 
we see the efficiency decreases slightly for a 500 nm thin-film even though we have not yet 
reached the single-mode cutoff because of the change in the reflection condition between the 
grating coupler and the fiber. For the simulations in Fig. 3.6, the optical fiber was held 2 µm 
above the top of the LiNbO3 thin-film. The top oxide cladding thickness was found to be 500 nm. 
The distance between the thin-film and the fiber changes as we increase the thickness of LiNbO3 
and requires a different thickness of oxide on top to minimize the back-reflection to the fiber.  
 
Next, the optimized 2D design was transferred to a three-dimensional (3D) FDTD model, shown 
in Fig. 3.7. The model uses an adiabatic taper design, which guides the mode from a size that 
matches the dimensions of the grating coupler down to a size that matches a 1 µm wide 
waveguide. The taper field profile is shown in Fig. 3.8a and its transmission spectrum is given in 






Fig. 3.7. Schematic diagram of 3D FDTD grating coupler design in Lumerical. 
 
 
Fig. 3.8. (a) Top view of the field profile showing transmission through the adiabatic taper. (b) 








going from the grating coupler to the waveguide. The final simulation result of the 3D FDTD 
model shows a grating coupler insertion loss of just over 7 dB and is presented in Fig. 3.9.  
 
The trends shown in Fig. 3.6 imply that potential errors in fabrication could lead to significant 
changes in the center wavelength and coupling efficiency. To account for this, five different 
grating coupler designs were proposed and fabricated: 
1. One grating coupler optimized at 1550 nm. 
2. One grating coupler optimized at 1450 nm. 
3. One grating coupler optimized at 1650 nm. 
4. One grating coupler centered at 1550 nm but with a smaller grating period and adjusted 
duty cycle (called “1550 low” grating). 
5. One grating coupler centered at 1550 nm but with a larger grating period and adjusted 
duty cycle (called “1550 high” grating). 
The 1450 nm and 1650 nm grating couplers are designed to compensate for up to ±10% variation 
in the fabricated device parameters from the design parameters. Together, these two couplers 
cover a 350 nm range of detectable transmission. The low 1550 and high 1550 grating couplers 
are for fine-tuning the device response in case of small deviations so that the center wavelength 
stays at 1550 nm. Table 3.2 summarizes the grating period and duty cycle of the various designs. 
The simulated transmission curves of the five grating coupler designs are provided in Fig. 3.10.  
 
Table 3.2. Design parameters for simulated grating couplers. 
Grating Coupler Design Period (µm) Duty Cycle Insertion Loss (dB) 
1450 nm 1.02 0.72 7.2 
1550 nm (low) 1.09 0.74 7.7 
1550 nm 1.16 0.65 7.1 
1550 nm (high) 1.195 0.60 8.2 





Chapter 4: Whispering-Gallery-Mode Microresonators   
4.1  Background and Theory 
The idea of whispering gallery modes was explored in 1910 by Lord Rayleigh who observed 
acoustic pressure waves traveling around the concave surface of the whispering gallery at St. 
Paul’s cathedral [36]. Since then, the concept has been extended to the optical domain where 
light is guided around the inner boundary of a closed, circular cavity through total internal 
reflection (Fig. 4.1).  
 
As light circulates within the small dielectric volume, the field constructively interferes at certain 
wavelengths. This gives rise to resonance modes  - field distributions that repeat after one round-
trip - allowing optical power to be stored inside the cavity. In order for resonance to take place, 
the optical path length the light travels must be an integer multiple of wavelengths (!"). This 
resonance condition is given in Eq. 4.1, where the optical path length is the product of the 
circumference, 2!", of the cavity and the effective refractive index, !!"", and ! is the radius of 
the cavity.  
 




Fig. 4.1 (a) Optical whispering-gallery-mode cavity. (b) Total internal reflection condition. 
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Figure 4.2 depicts the structure of a bus waveguide coupled to a microdisk resonator. For 
simplicity, the coupling between the bus and the disk waveguides is assumed to be lossless, and 






!!   (4.2) 
where a and b are field amplitudes that have been normalized so that the square of their 
magnitudes represent modal power, t is the transmission coefficient and κ is the coupling 
coefficient. The bus and disk represents a reciprocal system; hence the matrix is symmetric. Thus,  
 
 ! ! + ! ! = 1 (4.3) 
The round trip in the ring is given by 
 !! = !!!!!" (4.4) 
 ! = !!! !!""! (4.5) 
where α is the loss coefficient of the disk, λ is the propagating wavelength, θ is the phase delay 
that arises from a propagation distance around the disk of distance L = 2πr. Solving Eqs. 4.2 – 
4.5 leads to  
 






The power transmission measured at output side of the bus waveguide is given by the square of 
the fields in Eq. 4.6. The transmission is 
 ! =  !!!!
!
= ! !!!!!!! ! !"#(!!!!)!! !" !!!! ! !"#(!!!!) (4.7) 
where t = |t|exp(iθt) and θt is the phase introduced due to coupling. The power transmission 
spectrum of a microdisk resonator is given by Eq. 4.7 and shown in Fig. 4.3. The resonant 
wavelengths of the microdisk are seen as dips in the transmission indicating that the power 
associated with that particular wavelength is contained within the microdisk instead of the bus 
waveguide. It can be inferred from the transmission equation that the resonance dips occur when 
the cosine terms are equal to 1. This indicates that the phase of the wave that couples into the 
disk and the phase of the wave that propagates around the disk are interfering constructively, or 
are “in-phase.” That is, θ – θt = 2πm (m = 1, 2, 3...) and the transmission equation becomes 
 !!"#$%&%'" = ! !!
!
!!! ! ! (4.8) 
When the internal losses of the resonator are equal to the coupling losses, i.e. α = |t|, the 
transmitted power drops to 0. This is called critical coupling and takes place due to destructive 
interference between the field that is directly transmitted through the bus waveguide, ta1, and the 
internal field that couples out of the disk resonator and back into the output waveguide, iκa2. An 
approximate value of α can be determined from assuming a typical value for the propagation loss. 
 
Fig. 4.3. Typical normalized power transmission spectrum of a microdisk resonator. 
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There are certain figures of merit that characterize the optical resonator spectrum and can also be 
extended to describe optical filters. These figures of merit include the free spectral range (FSR), 
full-width at half-maximum (FWHM), and quality factor (Q). The FSR of a resonator indicates 
the spacing between two consecutive resonances and is given by 





The FWHM, !", is a parameter that defines the 3 dB bandwidth, or the “half power point” of a 
signal. It gives the frequency range at which less than half of the signal power has been 
attenuated, and determines the width of a resonance lineshape. The final parameter used to 
describe resonators is the quality factor, or Q, which measures how much light energy is stored 
in the resonator to the light energy that is lost per resonance cycle. The formula for the loaded Q 
is given below and can be simplified to the ratio of the resonant wavelength to the FWHM. 
 ! = 2! !"!#$% !"#$%&!"!#$% !"#$ !"# !"#$%&%'" !"!#$ ≅
!
!" (4.10) 
Achieving a high Q requires low-loss resonators. In general, the major loss mechanisms include 
scattering loss from sidewall roughness, intrinsic material absorption, bending losses, and 
material defects. When the resonator size shrinks below a critical value, bending losses increase 
dramatically, leading to a severe reduction in Q. Furthermore, when the surface and sidewalls of 
a resonator are smooth, the scattering losses are lower, leading to an increase in Q. Photonic 
cavities formed by surface tension tend to have higher Q-factors due to smoother walls within 
which light can circulate. These surface tension induced microcavities, such as silica 
microspheres (Fig. 4.4a) [37] have been reported to reach Q-factors up to 1010 [37]. However, 
the fabrication process to create microspheres with consistent diameters is not easy to replicate. 
On the other hand, planar, disk structures such as microdisks (Fig. 4.4b) [38] and microtoroids 
(Fig. 4.4c) [39] allow for better control and more consistent Q-factors. Microdisks in various 
materials have been shown to achieve Q-factors on the order of 106 [38], while microtoroids – 
where surface tension is induced to curl the sides of a microdisk – can reach up to 108 [39]. 
Although they may not provide the highest Q, microdisks and microring resonators were chosen 
for this research because they provide flat surfaces on which electrodes can be patterned. The 
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placement of electrodes is important for using these devices as electro-optic modulators in the 
future. 
 
4.2  Design of LiNbO3 WGM Resonators and Filter 
Three types of LiNbO3 devices were simulated: (1) a microring resonator, (2) a microdisk 
resonator, and (3) a single-ring add-drop filter. The devices were designed to have a radius of 30 
µm and a base width of 1 µm. Two simulation methods were implemented to find the 
transmission spectrum of these devices, along with the resonance wavelengths, FSR, FWHM, 
and Q. The first method used was coupled-mode theory (CMT). CMT is useful in describing 
coupled light propagating between waveguides or components. CMT equations used to model 
the transmission spectrum can be reduced to Eqs. 4.2 - 4.8 [40]. The transmission profile was 
plotted in MATLAB. CMT is an analytical approach that includes certain approximations. Its 
results were validated by the second approach, FDTD, which is a numerical method. The general 
principle is described in Chapter 2. Lumerical FDTD Solutions was used to carry out the second 
method. While CMT provides the transmission spectrum, it is not an exact solution. It relies on 
materials and structures that do not exhibit large variations in properties. The FDTD approach, 
on the other hand, provides numerical solutions based on the structure. It can be more accurate if 




Fig. 4.4. SEM images showing (a) a microsphere resonator [37], (b) a microdisk resonator [38], and 
(c) microtoroid resonators [39]. 
26 
 
The 3D Lumerical models of the microring and microdisk resonators are shown in Fig 4.5 and 
their field profiles are provided. The top row of images in Fig. 4.5 shows the 3D model created 
in the Lumerical FDTD environment. The orange rectangle around the device is the simulation 
region, the pink arrow represents the mode source, and the yellow line on the transmission side 
of the waveguide represents a power monitor. The field profiles of a microring and microdisk 
resonator are similar when the fundamental mode is propagating at a resonance wavelength. 
However, microdisk resonators can support higher order modes. Also, microring resonators can 
have added losses due to roughness on the inner sidewall. The results of the CMT and FDTD 






Fig. 4.5. Lumerical FDTD model of a (a) microring resonator (top) and its field profile on resonance 




In the transmission results, the FDTD spectra show oscillations in the transmission spectrum 
when the device is off-resonance. This is simply an effect of the simulation time not being long 
enough to process the fast Fourier transforms of the time-domain signal to the frequency domain. 
This result can be smoothed with a longer simulation time. Despite these ripples, the 
transmission spectrum provides a good confirmation of CMT and is sufficient for drawing 
conclusions regarding the resonator properties. The discrepancies between the CMT model and 
 
Fig. 4.7. Transmission spectrum of a LiNbO3 microdisk resonator. 
 
 
Fig. 4.6. Transmission spectrum of a LiNbO3 microring resonator. 
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the FDTD model can be attributed to the design environment. The CMT method assumes a 2D 
structure whereas the FDTD model computes the fields for a 3D design. Furthermore, the results 
of the microring resonator differ from those of a microdisk resonator because the effective 
refractive indices of the two resonator types are slightly different. The effective index for the ring 
and bus waveguide is 1.798 and the effective index for the disk and bus waveguide is 1.821. 
Although the radius is the same in both cases, this 1.3% difference in effective index will result 
in a 1.3% difference in the resonance wavelength for a fixed mode order (1.3% of 1550 nm = 20 
nm), which is quite large, but the corresponding 1.3% difference in FSR (1.3% of 5.7 nm = 0.07 
nm) will be difficult to detect experimentally.  
 
In addition to the resonators, a single-ring add-drop filter was designed to see the optical filter 
response of a LiNbO3 ring resonator. The filter is essentially a bus-coupled ring resonator with an 
additional waveguide that acts as a drop port (Fig. 4.8a).  
 
The transmission profile through the drop port can be derived using CMT and is given in Eq. 
4.11 [41]. 
 !!"#$ =  !!!!
!
= (!! ! !)(!! ! !)!!! !" !!!! ! !"#(!!!!) (4.11) 
 
Fig. 4.8. (a) Schematic diagram of a single-ring add-drop filter. (b) Field profile. 
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Here, |c2|2 represents the normalized field amplitude of the signal that is transmitted through the 
drop port. The FDTD model field profile is provided in Fig. 4.8b. The transmission response, 
showing a comparison between CMT and FDTD, is shown in Fig. 4.9. Finally, the expected 
figures of merit – FSR, FWHM, and loaded Q – and the coupling gaps used in the simulations 
are given in Table 4.1.  
 




















resonator 270 5.7 5.6 1553.41 217 0.104 1.5 × 10
4 
Microdisk 
resonator 250 5.8 5.7 1550.11 220 0.114 1.4 × 10
4 
Single-




Fig. 4.9. Add-drop transmission spectrum of a single-ring filter. 
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Chapter 5: Fabrication, Measurement, and Analysis 
5.1  Fabrication of Devices 
The full AutoCAD lithography mask is shown in Fig. 5.1. The letter and number pair associated 
with each device can be found on the lithography mask. A letter and number pair designates the 
design parameters of that particular device. Tables 5.1 and 5.2 explain the device numbering 
system. There were six main types of devices that were designed for the mask. In addition to the 
four devices discussed in Chapters 3 and 4 - plain grating couplers, microring resonators, 
microdisk resonators, and single-ring add-drop filters – two-ring add-drop filters and three-ring 
add-drop filters were also added for exploration (Fig. 5.2). Each device was paired with a set of 
input-output grating couplers for measurement.  
 







Pitch	 Unetched	 Etched	 Notes	
ID	 		 (%)	 (um)	 (um)	 (um)	 		
0	 1450	 72	 1.02	 0.734	 0.286	
2	WGs	
1	 1550	low	 74	 1.09	 0.807	 0.283	
2	 1550	 65	 1.16	 0.754	 0.406	
3	 1550	hi	 60	 1.195	 0.717	 0.478	
4	 1650	 69	 1.23	 0.849	 0.381	
5	 1450	 72	 1.02	 0.734	 0.286	
4	WGs	
6	 1550	low	 74	 1.09	 0.807	 0.283	
7	 1550	 65	 1.16	 0.754	 0.406	
8	 1550	hi	 60	 1.195	 0.717	 0.478	
































E	 300	 640	 1200	
F	 400	 640	 1200	
G	 600	 640	 1200	




J	 300	 640	 1200	
K	 400	 640	 1200	
L	 600	 640	 1200	




O	 600/300	 1920	 1200	













R	 500/400	 1920	 1200	
S	 600/300	 1920	 1200	




V	 300	 1920	 1200	
W	 400	 1920	 1200	








Device fabrication was carried out in the Micro and Nanotechnology Laboratory (MNTL) 
cleanrooms. A schematic of the fabrication flow is given in Fig. 5.3. The fabrication involves: 
1. SiO2 deposition using the PlasmaLab PECVD 
2. Electron-beam (e-beam) lithography 
3. Chromium (Cr) deposition and liftoff using the CHA evaporator 
4. SiO2 dry etch using the Oxford Freon ICP-RIE 
5. LiNbO3 dry etch using the PlasmaTherm ICP-RIE  
The SiO2 deposition in step 1 serves as an etch mask for the LiNbO3 thin-film in step 5 and also 
serves as the top cladding. Cr served as a hard mask for etching SiO2 in step 4. In step 2, the e-
beam lithography transferred the pattern onto the sample. Beamer software was used to do 
proximity effect correction and to fracture the mask into files that were small enough to load 
onto the e-beam tool. Proximity effects occur because electrons scatter in unpredictable 
trajectories once they hit the substrate. As a result, each e-beam shot gives a partial dose to the 
resist within a neighborhood of the shot. This results in a pronounced loss of pattern fidelity in 
regions that have dense features or that are near to large areas of exposure. The fabrication 
procedure needs to be precisely controlled, particularly in the final etch step. Over-etching leads 
to redeposition while under-etching leads to a redshift in the transmission spectrum. Over-
etching blue-shifts the spectrum by less than 5 nm per 50 nm of over-etching, while under-
etching red-shifts the transmission spectrum by approximately 30 nm per 50 nm of under-etching. 
A redshift was observed in a previous fabrication round where the center wavelength of the 
transmission response was beyond the operable wavelengths of the laser. Hence, only devices 
that showed some response above 1630 nm were measured [42]. Perfecting the fabrication of 
microscale LiNbO3 devices is still in the progress. As a result, any device that is designed is 
likely to deviate in certain parameters and quality from what was designed. Hence, all 
combinations of the devices designed in Chapters 3 and 4 were tested – that is, five different 
grating coupler designs, five different coupling gaps for the microring and microdisk resonator 
each, and five combinations for the coupling gaps for the single-ring add-drop filter. The 2-ring 
and 3-ring filter designs had three different sets of coupling gaps. Each row on the mask 
corresponds to a single grating coupler design and each column corresponds to a specific device. 






Fig. 5.1. Full AutoCAD lithography mask. 
 
 
Fig. 5.2. Zoomed in view of a (a) grating coupler, (b) ring resonator, (c) disk resonator, (d) single-
ring add-drop filter, (e) 2-ring add-drop filter, (f) 3-ring add-drop filter, and (g) back-to-back input 













Fig. 5.4. SEM images of a LiNbO3 grating coupler. (a) Top view of the grating coupler with a 




Table 5.3. Period and duty cycle comparison between designed and fabricated grating couplers. 
 Designed Fabricated 
Grating Coupler Design Period (µm) Duty Cycle Period (µm) Duty Cycle 
1450 nm, A0 1.02 0.72 1.00 0.76 
1550 nm (low), A1 1.09 0.74 1.08 0.77 
1550 nm, A2* 1.16 0.65 1.14 0.67 
1550 nm (high), A3* 1.195 0.60 1.18 0.62 
1650 nm, A4 1.23 0.69 1.21 0.73 
 
Table 5.4. Coupling gap comparison between designed and fabricated resonators and filter. 
Grating Coupler Design Designed Coupling Gap (nm) 
Fabricated Coupling 
Gap (nm) 
Ring resonator, D2* 150 127 
Ring resonator, E2* 300 283 
Disk resonator, J3* 300 257 
Disk resonator, M3* 800 741 
Single-ring filter, V7* 300, 300 262, 265 
 
 
Fig. 5.5. SEM images of a fully fabricated LiNbO3 (a) ring resonator, (b) disk resonator, (c) single-ring 




Figure 5.4 shows the SEM image of a fabricated grating coupler that was designed for an optical 
response at 1550 nm. Figure 5.5 shows the SEM images of a microring resonator, a microdisk 
resonator, a single-ring add-drop filter, a two-ring add-drop filter, and a 3-ring add-drop filter. 
While over 150 devices were designed, only two grating coupler designs (A2 and A3) gave 
results that were measurable. This is a positive result indicating that the deviations in the 
fabricated device parameters were not very severe. From those grating coupler designs, only a 
handful of resonator-based devices were measured. This can be attributed to the resulting design 
parameters of the grating couplers after fabrication and certain methods of testing that are 
described in Section 5.3. Table 5.3 reports the measured grating period and duty cycle of each 
coupler and provides a comparison to the original simulated parameters. Table 5.4 shows the 
comparison between the fabricated and simulated design parameters. The * indicates devices that 
gave a decent measureable response (at least 200 mV above the noise floor). The measured data 
from these devices are presented in Section 5.3.  
 
5.2  Experimental Setup 
The main experiment discussed in this thesis is a full characterization of the transmission 
spectrum of the back-to-back grating couplers, the resonators, and the filtering devices. A 
schematic of the experimental setup is illustrated in Fig. 5.6.  
 
 
Fig. 5.6. Schematic diagram of the experimental setup with a top-view optical microscope image of the v-
groove housing and devices. 
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The experimental setup shows a tunable laser that feeds into a polarization controller. The source 
is a Santec TSL710 laser, which has a wavelength range of 1480 – 1640 nm and 0.1 pm 
resolution. The polarization controller is connected to a polarization insensitive, 3-port circulator, 
which has an operating range of 1470 - 1610 nm. The circulator has an input port, a transmission 
port, and a reflection port. The transmission port of the circulator is connected to one of the four 
optical fibers that are secured within the Pyrex v-groove housing. This fiber serves as the input 
fiber and sends the laser signal to one grating coupler on the sample to be measured. An output 
fiber collects the signal diffracted out of plane by the second grating coupler. An optical 
microscope image of the top view of the v-groove housing is also shown overlooking a back-to-
back grating coupler device. The two red circles mark the approximate location of the optical 
fibers. The distance between the input and output grating couplers is 250 µm. When measuring 
devices, the input and output optical fibers were contained in v-grooves within a Pyrex box. The 
center of each v-groove was set on a 250 µm pitch (industry standard), and thus corresponded to 
the approximate spacing between the fiber cores. Because it is impossible to know where the 
fibers are visually, alignment markers on the lithography mask must be made to align the corners 
of the v-groove housing block to the desired position on the sample such that the grating couplers 
and the optical fibers line up.  Any signal that is reflected back during measurements is directed 
to the reflection port of the circulator. 
 
The output fiber directs the signal to a photodetector (PD) that is connected to an ADL-5310 dual 
channel logarithmic amplifier (log amp), which feeds into the oscilloscope. The photodetector 
uses indium gallium arsenide (InGaAs) as the semiconductor to create a junction photodiode. 
The photodiode generates a photocurrent when light is absorbed. The total output current of the 
photodetector is equal to the sum of the photocurrent and the dark current. Some of the important 
electrical and optical characteristics of the photodetector are given in Table 5.5, as provided by 
Thorlabs [41]. A third optical fiber held within the v-groove housing is used to collect the signal 
from the drop port of the filtering devices.  
 
The log amp is used in order to be able to measure signals that can vary by several orders of 
magnitude. It has a 120 dB dynamic range and can measure currents ranging from 3 nA to 3 mA. 
The log amp provides an output voltage that is proportional to the logarithm of the input current 
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and potentially allows the detection of lower amplitude signals. The equation modeling the 
behavior of the log amp within the operating range of 3 nA to 3 mA is given in Eq. 5.1 [43]. 
 
Table 5.5. InGaAs photodetector specifications. 
Parameter Value 
Detector InGaAs PIN 
Wavelength range 800-1700 nm 
Peak wavelength 1550 nm 
Peak responsivity at 1550 nm 0.95 A/W 
Diode capacitance (12 V) 32.4 pF 
Bandwidth (-3 dB) 1.2 GHz 
NEP at 1550 nm 4.5 x 10-15 W/Hz1/2 
Saturation power 5.5 mW (1550 nm) 
Bias voltage 12 V 
Dark current 0.235 nA 
Output voltage 0-3.5 V (50 ohms) 0-10 V (Hi-Z) 
 
 ! = 200!" ∗ log !!""!"  (5.1) 
Solving for I in Eq. 5.1 and multiplying it by the responsivity gives the power transmitted 
through the device under test (DUT). Finally, loss can be computed by Eq. 5.2. 
 !"## !" =  10 ∗ log!" !!"#!!"  (5.2) 
In the equation above, Pin is the power that is being sent into the input grating coupler for each 
device. This can be computed through a calibration that bypasses the DUT and v-groove housing 
fibers and connects the transmission port of the circulator to the oscilloscope. This indicates how 
much of the laser power is lost in the setup before reaching the device. The setup used for 
measuring the devices in this thesis has a loss of approximately 3 dB. The laser power used was 
5 mW. Thus, 2.5 mW is being put into the DUT because 3 dB corresponds to the half power 
point.  
 
Figure 5.7 provides a picture of the setup used to measure the devices. In order to get good 
measurements, the input and output optical fiber must be aligned to the grating couplers. This is  
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carried out by four possible movements: the stage on which the DUT sits can be translated in the 
three Cartesian (x, y, and z) directions using motorized actuators (see Appendix C) and the 
mount for the v-groove housing allows rotations up to ±20o in the horizontal plane with minimal 
lateral translation through the use of a manually controlled goniometer. The side-view mirrors 
are used for gauging the distance between the optical fiber and the LiNbO3 sample (Fig. 5.8). 
When testing, the optical fiber should not touch the devices as it dampens their performance by 
introducing loss. The fibers should also not be so far away from the devices that the beam 
expands to a point where it is no longer focused on the grating couplers. The devices were 
designed with the optical fiber approximately 2 µm away from the top of the grating couplers. 
While Fig. 5.8 provides side-view mirror images of the v-groove housing fibers touching the 
surface of the sample and lifted away from the sample, this method to check the distance 
between the fibers and the devices was not implemented in the actual testing of the devices. 
Unfortunately, the size of the sample was too big for the sample holder on the stage and did not 
leave enough room to place the side-view mirrors. The height of the fibers from the sample was 
unknown and the effect of this on the measurements is explained in Section 5.4. 
 
 




A coaxial microscope overlooks the v-groove housing and the DUT so that rough alignment to 
the grating couplers can be managed manually. Once manual alignment is completed, the control 
of the actuators is transferred over to the computer through a data acquisition (DAQ) card and a 
LabVIEW program called FindFirstLight.vi. FindFirstLight.vi is an alignment program which 
tracks the maximum transmission voltages to find the optimal position of the sample stage for 
coupling light to and from the optical fibers and grating couplers. More information about 
FindFirstLight.vi can be found in Appendix C. Once the optimal alignment was achieved, the 
photodetectors and log amps were disconnected from the DAQ card and wired to the 
oscilloscope instead. To test the devices and visualize their resonances, the laser was swept 
across its entire wavelength range (1480 nm – 1640 nm) at a power of 5 mW. A trigger was set 
up with the laser so that the sweep would start when triggered by the user. The trigger step size 
was set to 10 pm.  The measurement results are provided in the next section. 
 
5.3  Measurement and Analysis 
The experimental results presented here are from seven devices: 
• The first two are plain back-to-back-grating couplers, A2 and A3. The A2 design was 
optimized at 1550 nm. A3 was designed to be a 1550 nm (high) grating coupler. 
• The third and fourth devices both have grating couplers that were optimized at 1550 nm 
and they each have a microring resonator. Device D2 had a ring designed for a 150 nm 
 
Fig. 5.8. Optical image from the side-view mirror showing the v-groove housing with 4 optical fibers 
(a) above the LiNbO3 sample and (b) touching the LiNbO3 sample. 
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coupling gap, while device E2 had a ring designed for a 300 nm coupling gap. The actual 
coupling gaps were smaller than designed. 
• The fifth and sixth devices both have grating couplers of the 1550 nm (high) variety and 
are each coupled to a microdisk resonator. Device J3 had a disk with a 300 nm coupling 
gap, while device M3 had a disk with an 800 nm coupling gap. Again, the actual coupling 
gaps turned out to be much less than what was designed. 
• The seventh device was a single-ring add-drop filter with a ring-waveguide gap of 300 
nm. 
Measurement results from a 2-ring filter and a 3-ring filter are also presented at the end of 
this section. However, these devices did not turn out to be fruitful and need to go through an 
optimization process during the design phase.  
The raw data that were obtained from the oscilloscope were in the units of millivolts versus 
seconds. For proper characterization, the time scale was converted to wavelengths using the 
trigger signals and the voltage scale was converted to output power using Eq. 5.1 and 
normalized to the power going into the input grating coupler. Then the normalized power 
transmission was converted to a dB scale using Eq. 5.2.   
Figure 5.9a shows the raw data obtained from a direct oscilloscope reading for device A2. 
The lower graph is the trigger signal of the laser. Figure 5.9b shows the transmission 
spectrum of the back-to-back grating couplers. Figure 5.10a shows a comparison between the 
responses of the A2 grating coupler to the simulated response. In this graph, the transmission 
of the back-to-back grating couplers from Fig. 5.9b was divided by 2 because the simulated 
design was for a single grating coupler and the input and output grating couplers are 
reciprocal in their behavior. The measurement results show that the A2 grating coupler has 
an insertion loss of 18.5 dB and a peak response at 1560 nm. The expected design was an 
insertion loss of 7.1 dB at 1550 nm. Figure 5.10b shows a comparison between the simulated 
and measured response of the A3 grating coupler. The measured loss per grating coupler is 
about 23 dB at a peak wavelength of 1558 nm. The expected response was a measured loss of 
8.2 dB at 1550 nm. While the measured and simulated responses for the back-to-back grating 
couplers have similar peak wavelengths, the insertion losses for the measured responses are 
much worse. However, this discrepancy can be explained on two fronts.  
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First, the grating periods and duty cycles of the fabricated devices were different than that of the 
simulated devices (reported in Table 5.3). In both of the grating couplers, the pitch is very 
comparable to what was designed, but just slightly smaller, leading to a small blueshift in the 
spectrum. The duty cycles for both the gratings are greater, causing a redshift of the spectrum 
and bringing the curve back near the designed 1550 nm wavelength. Additionally, the sample 
was over-etched into the BOX layer during the final LiNbO3 etch step. The prominent 
redeposition of SiO2 particles provides evidence of the over-etch. This leads to more loss, and a 
blueshift. The effects and challenges due to over-etching are discussed in Sec. 6.2, but for now, 
an over-etched depth of 20 nm is assumed. These design changes increase the insertion loss by 
2.3 dB for grating coupler A2 and by 7.5 dB for grating coupler A3.  
 
Fig. 5.9. (a) Raw data for the grating coupler transmission spectrum. (b) Transmission on a logarithmic 
scale for back-to-back grating couplers.  
 
 
Fig. 5.10. Comparison between simulated and measured spectra for (a) 1550 nm optimized and (b) 1550 
nm high grating couplers. 
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The second factor to consider is the height of the optical fibers relative to the devices. As 
mentioned in Section 5.2, the side-view mirrors to gauge the distance between the LiNbO3 
sample and the v-groove fibers were not used due to the large size of the sample. Hence, the 
actual distance the fibers were held above the sample is unknown. A follow-up analysis showing 
the effect of optical fiber placement on transmission is given in Fig. 5.11. The design analyzed 
for these simulations was the grating coupler spectrum optimized at 1550 nm. Generally, the 
insertion loss increases with fiber to device separation because the beam size expands and 
becomes bigger than the grating coupler. There are some distances, however, that show a higher 
transmission curve than ones where the fiber is placed closer to the sample. This can be 
attributed to the reflection from the devices. The SiO2 top cladding was put in place to serve as 
an antireflection coating that reduces back-reflection into the fiber facet. This coating thickness 
was optimized in the simulations with the fiber held 2 µm away from the devices. In the 
experiment, however, the fiber may have been closer to 10 µm away, which leads to an insertion 
loss of approximately 5.3 dB more than the loss at the initial simulated position. Combining the 
two sources of loss leads to an expected loss of 14.7 dB and 21 dB for grating couplers A2 and 
A3, respectively. Figure 5.12 shows the simulated spectra with the loss corrections plotted along 
with the original simulated data and the measured data. 
 
Fig. 5.11. 2D FDTD simulations showing the effect of fiber distance on transmission. 
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The simulated curves with corrections show much better agreement with the measured data in 
terms of insertion loss, shape, and peak wavelength. The corrected graphs are still not exact in 
terms of loss, but such small differences can be attributed to fabrication quality of the devices 
and also uncertainty in the fiber to device separation (it could have been 12 or 13 µm instead of 
10 µm). Any remaining discrepancies may be attributed to varying LiNbO3 film thickness and 
poor quality of the waveguide. An average of 410 nm was assumed. Upon measuring the sample 
 
Fig. 5.12. Comparison of simulated, measured, and corrected spectrum of grating coupler transmission 
for (a) 1550 nm optimized gratings and (b) 1550 nm (high) gratings. 
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at different points after etching, there was a variation of 27 nm across the sample, indicating that 
the surface is not even. This much of a variation greatly changes the effective index of the film, 
and the overall performance of the grating couplers. 
The measured data also shows what appears to be a significant amount of noise. However, 
zooming into a narrower wavelength range (Fig. 5.13a) shows the noise is actually a series of 
Fabry-Perot resonances with a FSR of 0.5 nm. The Fabry-Perot resonances are consistently seen 
in all the measured devices and arise due to a cavity effect. The length of this cavity can be 
computed using the equation for FSR. The equation used in Chapter 4 is for a circular cavity and 
thus has a 2πr in the denominator to account for the cavity round trip length. This is derived from 
the general FSR formula, which considers a rectangular cavity (transmission medium with two 
reflecting facets on the ends) of length L. The general formula is shown in Eq. 5.3. 2L accounts 
for the round trip length. 





The cavity length can be calculated since the FSR can be obtained from the spectrum and the 
desired wavelength and the effective refractive index are already known. The calculation gives a 
cavity length of approximately 1370 µm. Figure 5.13b shows a grating coupler with the 
waveguide length. The total length the light travels is approximately 1390 µm. The input and 
output grating couplers act as weakly reflective mirrors at the ends of the waveguide, leading to 
 
Fig. 5.13. (a) Zoomed in view of Fabry-Perot resonances in spectrum noise. (b) Rough measurement of 
waveguide cavity length. 
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the cavity effect, which appears as Fabry-Perot resonances in the measured data.  
Figure 5.14 shows the measurement results of two microring resonators with back-to-back 
grating couplers optimized for 1550 nm. Figure 5.14a shows the response of a microring 
resonator with a diameter of 60 µm and a designed coupling gap of 150 nm. The actual coupling 
gap was 127 nm and the zoomed in graph of the resonance spectrum shows that this WGM 
resonator is overcoupled. Figure 5.14b, on the other hand, shows the response of a microring 
resonator with the same radius, but with a coupling gap of 300 nm. The actual gap was 283 nm 
and the resonance dips show that the resonator is slightly undercoupled. The FSR of both these 
ring resonators was approximately 5.75 nm, which is comparable to the  FSR that was expected. 
The discrepancy is less than 0.05 nm and may be attributed to a slightly larger effective 
refractive index of the fabricated devices. A different effective index can arise from a different 
thickness of the LiNbO3 thin film than the approximation used in the simulations, a different 
 
Fig. 5.14. Transmission spectra of microring resonators characterized by grating couplers for a 
microring with a coupling gap of (a) 150 nm and (b) 300 nm. 
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thickness of the top SiO2 cladding that remained after fabrication, or a different etch depth than 
planned. Figure 5.15 shows a zoomed in view of some of the resonances for the 300 nm gap 
microring resonator. The resonant wavelengths, FWHM, and the loaded Q-factors are 
characterized. The highest loaded Q obtained from the microring resonator measurements is 3.46 
× 104, which is slightly larger than the expected loaded Q for critical coupling. This is 
reasonable considering that the resonator is under-coupled. 
Figure 5.16 shows the transmission spectrum of two microdisk resonators with back-to-back 
grating couplers of the 1550 nm high variety. In Fig. 5.15a, the microdisk resonator has a 
designed coupling gap of 300 nm and a fabricated gap of 257 nm. Based on the simulations in 
Chapter 4, the fabricated gap is much closer to what is expected for critical coupling. The 800 
nm gap microdisk resonator is clearly undercoupled. While there are impressions of resonance 
dips, they are not prominent enough to be characterized. Figure 5.17 shows a zoomed in view of 
some of the resonances for the 300 nm gap microdisk. The FSR of this is also approximately  
 
 





Fig. 5.16. Transmission spectra of microdisk resonators characterized by grating couplers for a 
microdisk with a coupling gap of (a) 300 nm and (b) 800 nm. 
 
 




5.71 nm. It should be noted that the FSR of the microring and microdisk resonators should, 
theoretically, be different. However, the difference in FSRs is too small to be detected in the 
measurement due to the Fabry-Perot resonances. The highest loaded Q obtained from a 
microdisk resonator in this experiment was 4.35 × 104.  
Figure 5.18 shows the measured response of a single-ring add-drop filter. The back-to-back 
grating couplers used to characterize this filter were designed to be optimized at 1550 nm. For 
testing the add-drop response, three optical fibers in the v-groove housing were utilized: one for 
the input signal, one for the regular transmission signal, and one for the signal that reached the 
drop port. The resonant wavelengths of the disk are filtered out of the transmission spectrum and 
passed into the drop port. The response of the drop-port appears to be flat, unlike the through-
port which shows the resonances appearing on the grating coupler curve. This is because much 
of the drop-port response lies below the noise floor of the system (-68 dB). While the designed 
coupling gaps between the ring resonator and the waveguides were 300 nm on each side, the 
actual gaps turned out to be 262 nm and 265 nm. The FSR was just under 6 nm and the highest 
 
Fig. 5.18. Measured transmission for a single-ring add-drop filter. 
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loaded Q achieved was 6.8 × 103. The resonances of the single-ring filter differed from those of 
the single-ring resonator because the effective indices may have been different due to variation in 
the LiNbO3 film thickness across the wafer.  
Finally, Figs. 5.19a and 5.19b show the responses of a 2-ring and 3-ring filter. The 2-ring filter 
had a designed waveguide-to-ring gap of 400 nm and a ring-to-ring gap of 300 nm. Based on the 
fabricated measurements of the other devices, we can assume that gaps of the fabricated 2-ring 
filter were smaller than what was designed. The rings, however, were still undercoupled, which 
is consistent with the performances of the rings and disks measured above. While some of the 
resonant wavelength can be seen for the 2-ring filter, they cannot be properly characterized due 
to the cavity effect noise. The 3-ring filter had a waveguide-to-ring gap of 600 nm and a ring-to-
ring gap of 300 nm. The 600 nm is too large of coupling to be detected (device is greatly 
undercoupled) and, hence, no resonances can be seen in the transmission spectrum. 
Unfortunately, there is no drop-port response for the 2- and 3-ring filters. The drop port 
measurement did not provide any results above the noise floor. 
 
The measurement results are summarized in Table 5.6. 
  
 
Fig. 5.19. (a) Transmission response of a (a) 2-ring filter and (b) –ring filter. 
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Table 5.6. Summary of simulated and measured performances. 
 Simulated Measured 







A2, 1550 nm (optimized) grating 
coupler 7.1 1550 18.5 1560 
A3, 1550 nm (high) grating coupler 8.2 1550 23.5 1558 
 FSR (nm) Q FSR (nm) Q 
E2, 300 nm gap microring resonator 5.6 1.5 × 104 5.74 3.46 × 104 
J3, 300 nm gap microdisk resonator 5.7 1.4 × 104 5.71 4.35 × 104 
V7, 300 nm gap single-ring filter 5.6 6.5 × 103 5.82 6.8 ×103 
 
5.4  Misalignment Study 
A second experiment was conducted to test the effects of misalignment on the grating couplers. 
However, this test was carried out on an earlier round of devices than the ones presented in this 
thesis. Still, a misalignment study is worth mentioning as it provides insight regarding the 
precision needed to align properly to LiNbO3 grating couplers. Although grating structures can 
be optimized for specific coupling configurations, misalignment of the fiber and coupling 
structure is quite common due to systematic errors in the measurement process. Therefore, the 
ability to analyze misalignment effects and understand the underlying mechanism may be useful 
in designing grating couplers so that they are misalignment tolerant.  
Misalignment occurs when the optical input is shifted from the location of maximum coupling 
efficiency on the grating coupler. This section presents a full factorial experiment that studies the 
effect of misalignment in the x, y, and z Cartesian directions, and a theta rotation. The response 
variable studied is the photodetector voltage through a logarithmic amplifier, which is 
proportional to the transmission in dB of the grating coupler device. 
The device under test (DUT) is a back-to-back LN grating coupler that consists of an input 
grating to couple light coming in at an 8-degree angle from an optical fiber into an on-chip 
waveguide (Fig. 5.20). The coupled light is guided through a LN waveguide to an identical 
output grating coupler that sends the light into an out-of-plane optical fiber. The output fiber is 
connected to a photodetector that feeds into a logarithmic amplifier, and then an oscilloscope to 
measure the voltage. The input and output fibers are aligned to the DUT using a goniometer that 
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allows theta-rotation and the DUT is aligned to the fibers using Thorlabs XYZ translation stages. 
The grating coupler dimensions are 10.8 µm in the x-direction and 10 µm in the y-direction. The 
laser source was set to a wavelength of λ = 1480 nm and power of P = 2 mW. 
 
The voltages versus misalignment experiments conducted were modeled after a three-level, four-
factor full factorial design with 81 terms. The model incorporates the expected quadratic 
dependence of voltage on misalignment. Table 5.7 shows the low, center, and high settings of the 
experiment. While most factors had a center setting of zero, X3 had a high setting of zero. This is 
because the highest setting in the z-direction achieves maximum coupling. Going higher causes 
the DUT to crash into the optical fibers, potentially causing damage to both the device and fibers. 
 
 
Fig. 5.20. (a) Top view SEM image of a LiNbO3 grating coupler. (b) Schematic side view of a fiber 
coupling light into a LN waveguide through a grating coupler. 
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X1: Misalignment in x -2µm 0 +2µm 
X2: Misalignment in y -2µm 0 +2µm 
X3: Misalignment in z -4µm -2µm 0 
X4: Misalignment in θ -2o 0o +2o 
 
The collected data were examined for outliers and time drift (Fig. 5.21). The normal probability 
plot showed that all raw data points lie within a 95% confidence interval, indicating no apparent 
outliers. The time series plot of the residuals showed a seemingly random distribution. However, 
further analysis showed slight auto-correlation. Whether this periodic variation in the data stems 
from natural or artificial sources remains to be explored. 
  
The variability gauge plots in Fig. 5.22 show how the general distribution of the response 
changes as high, low, and center measurements are made for each factor. The plots are visually 
consistent with the overall expected trend. That is, for misalignment in x, y, and for theta rotation, 
the center points (0, which corresponds to the perfectly aligned case) should give the highest 
voltage reading. For misalignment in z, the highest voltage response is expected at the high 
measurement setting and this is also validated by Fig. 5.21c.  
 
 




The calculated coefficients for the experimental model are presented in Table 5.8 with the 
corresponding 95% confidence intervals.  
 
Table 5.8. Statistically significant model coefficients and their 95% confidence intervals. 
Coefficient Value 
β0 251.4 ± 14.3 
β2 4.2 ± 5.8 
β3 9.7 ± 5.8 
β11 -21.9 ± 10.1 
β22 -10.5 ± 10.1 






Fig. 5.22. Variability gauge plots showing the distributions of each factor versus voltage measured. 




The final statistical model is given by  
 ! =  !! + !!!! + !!!! + !!!!!! + !!!!!! + !!!!!! + !"#. !""#" (5.4) 
Based on these calculations, X2, X3, X1*X1, X2*X2, and X3*X3, were found to be statistically 
significant. The 2o theta rotation did not seem to have a significant effect on the transmission 
voltage. Inconsistencies in this experiment are likely due to fluctuations in the transmission 
response of the grating couplers due to a gradual heating and relaxation of the device material, 
leading to either a higher or lower voltage reading than expected during certain runs of the 
experiment. It was found that 2 µm misalignments in x, y, and z directions were statistically 




Chapter 6: Conclusion 
6.1  Summary of this Work 
This thesis has provided insight into the design, fabrication, and characterization of LiNbO3-
based WGM resonators and grating couplers.  The grating couplers were designed to be centered 
at 1550 nm with insertion losses around 7-8 dB. The measured devices had center wavelengths 
closer to 1560 nm and insertion losses closer to 20 dB. The actual fabricated dimensions of the 
grating couplers, the position of the optical fibers above the sample, and quality of the device 
post-fabrication explained the insertion losses and shifted wavelengths. The microring and 
microdisk resonators showed resonances with measured loaded Q-factors on the order of 104. It 
was found that a designed coupling gap of approximately 300 nm leads to designs that were 
close to being critically coupled after fabrication. A single-ring filter showed that the resonant 
wavelengths were properly filtered through to the drop-port. The loaded Q of this filter was on 
the order of 103. Again, a designed coupling gap of 300 nm led to nearly critically coupled 
devices post-fabrication. While the quality factors of the measured and simulated WGM 
resonators appear to agree, a conclusive comparison may not be possible because the losses 
assumed by the Lumerical design software may not accurately reflect the actual loss mechanisms 
in the fabricated devices. This issue is discussed in the next section. The 2-ring and 3-ring filters 
that were included for exploratory purposes did not provide any conclusive results and remain to 
be properly designed and optimized. Finally, a study using LiNbO3 grating couplers was 
conducted to determine which directions were the most important when it came to alignment. 
The results showed that alignments in the x, y, and z directions were significant and that the 
transmission voltage varied quadratically with these factors. 
 
6.2  Major Challenges Faced 
Challenges were faced mainly on two fronts: (1) device fabrication, and (2) device testing. In 
terms of fabrication, the inductively coupled plasma—reactive ion etching (ICP-RIE) system was 
used in the final step to etch LiNbO3 and SiO2. Unfortunately, the PlasmaTherm machine used 
had issues with the flow rate of chlorine (Cl2). The recipe called for 5 sccm of Cl2, but the mass 
flow controller (MFC) did not allow the system to drop below 50 sccm, which is much too fast to 
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control for this fabrication. One way to overcome this issue was to use the regulator on the gas 
tank directly. With the regulator control, the flow rate dropped to 5 sccm, but was unstable and 
fluctuated between 4.8 and 6.2 sccm. This led to over-etching of the LiNbO3 thin-film and into 
the BOX layer. The BOX layer etching caused redeposition of SiO2 particles throughout the 
surface (Fig. 6.1). This is likely one cause of loss in the grating couplers. A new regulator or 
MFC may need to be established and the recipe would need to be characterized once again to 
have better control over this etching process. The likely source of the sidewall roughness is the 
poor etch selectivity of the oxide mask to LiNbO3. Because the oxide mask is being attacked 
during the LiNbO3 etch, its line edge roughness (LER) increases and this roughness would be 
transferred to the LiNbO3 sidewalls. This hypothesis can be evaluated by using the SEM to 
measure the LER of the oxide mask before and after etching the LiNbO3. The obvious solution 
would then be to use a mask with greater etch selectivity (perhaps nickel or atomic layer 
deposited Al2O3) or to change the etch recipe to increase the selectivity. As the etch process 
improves in future runs, the quality factor of the microrings and microdisks will increase and the 
gap for critical coupling will increase from its current value of 300 nm. Thus, the devices on the 
mask with gaps of 400-800 nm will be more useful. 
 
The second challenge, mentioned in Chapter 5, was not being able to gauge the height of the 
optical fiber above the sample. The optimized simulation had the fiber at 2 µm whereas the 
experimental placement was closer to 10 µm away. This led to higher insertion losses for the 
grating couplers. The side-view mirrors could not be utilized due to the large size of the sample. 
The best way of fixing this issue would be to use smaller side-view mirrors. Dicing the sample 
 
Fig. 6.1. SEM images of devices showing sidewall roughness and redeposition particles. 
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into smaller pieces is also possible but would require redesigning the lithography mask and may 
create problems with the e-beam sample holder. The optimal sample size is 2.2 cm long by at 
least 1.5 cm wide so that the sample can be clamped by the 2 cm square window e-beam chuck. 
 
Another potential cause of decreased resonator quality is the original quality of the LiNbO3 thin-
film. The piezoelectric nature of LiNbO3 makes it inclined to attract dust particles through static 
electricity. Other sources have reported that the large pyroelectric coefficient and high resistance 
of LiNbO3 cause the generation of electric charges by slight temperature changes [44]. When a 
piezoelectric material becomes charged, fine metallic powders, dust, and dirt are attracted to the 
surface. This is particularly difficult for the LiNbO3 fabrication in this research since multiple 
steps such as SiO2 deposition, Cr evaporation, and LiNbO3 require higher temperature 
environments. To overcome this contamination during fabrication, the sample needs to be 
cleaned before each key step using an ultrasound process described in Appendix B. 
 
Finally, a design challenge that arises during the Lumerical modeling process is the creation of a 
lossless material. The procedure for establishing LiNbO3 in the Lumerical material database is 
given in Appendix A. Because only the real refractive index values for LiNbO3 ordinary and 
extraordinary axes were available in literature, a value of 0 was entered for all the imaginary 
indices, making the material lossless. Lumerical states: “Unfortunately, there is a significant 
problem with this approach. It is often difficult or impossible for the Material Explorer to find an 
accurate fit to these types of lossless materials over a broad range of wavelength. If you cannot 
get a good fit, the simulation results will not be accurate. If you cannot get a good fit, but still 
want to study 'lossless' materials, you must run a series of single frequency simulations” [45]. So, 
despite setting the imaginary refractive indices to 0, Lumerical model assigns some sort of loss to 
the material data, which may not be accurate. Such a model that introduces loss without a 
concrete interpretation can lead to design parameters that may not be truly optimized, inaccurate 
insertion losses, and lower Q-factors. Furthermore, running multiple single frequency 
simulations on complex 3D FDTD structures is time consuming, especially considering that at 
least 5000 sampled data points must be taken to establish a smooth curve for the resonance 
spectra. While Lumerical provides some approaches to fitting a lossless model, the process does 
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not work consistently across all material types. Using another modeling environment, such as the 
finite element method in COMSOL, might be the best way to overcome this challenge. 
 
6.3  Future Work 
LiNbO3 has an exciting future in photonics. The steps immediately following this research 
include improving the LiNbO3 photonic devices in terms of fabrication quality and efficiency. 
Grating couplers, which were essential in coupling light into the resonators and filters, can be 
improved by using bottom-mirrors that reflect light that leaks into the substrate back towards the 
gratings, an apodized grating profile for better mode matching to the fiber’s Gaussian profile, or 
high contrast gratings to increase the index contrast and thus the coupling efficiency [46]. Once 
low-loss, high-Q resonators and effective filters are obtained, achieving a LiNbO3 platform of 
more sophisticated functions, such as electro-optic and acousto-optic modulation, may be 
possible.  
 
Improvements can also be made to the measurement setup by using a high-speed USB-DAQ card 
(e.g., the USB-6009 from National Instruments) for data collection rather than the oscilloscope. 
The oscilloscope used in this experiment had a noise reading of approximately 27 mV RMS 
while the DAQ card showed a noise of 9 mV RMS. Assuming that the voltage readout noise is a 
limiting factor in the measurement quality, data collected with a DAQ card could potentially give 
spectra with one-third the noise. Furthermore, the data collection and saving time for the DAQ 





Appendix A: Lumerical Software 
 
Lumerical was used to design and simulate LiNbO3-based optical waveguides, grating couplers, 
microring and microdisk resonators, and coupled microring add-drop filters. This appendix 
complements the parts of the main chapters that describe the simulation of these devices. 
Specifically, the steps taken to set up the physical modeling environment are discussed. The two 
design packages that were used include Lumerical MODE Solutions and Lumerical FDTD 
Solutions. MODE Solutions was used to calculate the effective refractive index of a LiNbO3 
waveguide, while FDTD Solutions was used to determine the transmission spectra of various 
devices.  
 
The four main steps to modeling a LiNbO3 waveguide and finding its effective refractive index 
are listed below: 
1. Establish LiNbO3 as a material in the Lumerical MODE Solutions materials 
database (Fig. A.1). Opening up the materials database provides a list of all the 
materials that exist in Lumerical. To create a new one, simply click “Add.” There are 
several ways to add a new material, ranging from sampled data to theoretical dispersion 
equations. For LiNbO3, choose “Sampled 3D Data.” Since LiNbO3 is anisotropic, select 
the “Diagonal” option in the “Anisotropy” pull-down menu. This option requires the real 
and imaginary refractive indices of the material in the x, y, and z directions with respect 
to wavelength. Since a consistent set of sampled imaginary refractive indices for each 
optical axis direction was unavailable in literature, the imaginary indices were set to zero 
(no loss or gain). It is very important to keep in mind the XYZ orientation of the model 
that is designed in Lumerical and to attribute the proper refractive index axis to the 
material. It is also important to model the anisotropic nature of LiNbO3 properly. 
Otherwise, the calculated effective refractive index and the design parameters of the 
devices lead to a transmission response that is at a different resonance wavelength than 
expected. This was observed in previous rounds of fabrication and device testing, where 
the resonance wavelength was beyond the operable range of the laser, making the 




2. Build the LiNbO3 waveguide. The 3D layer structure of the LiNbO3 sample used in this 
thesis can easily be created in Lumerical. The “Structures” tab on the home screen (Fig. 
A.2) allows the implementation of 3D objects. For the material layers, rectangles can be 
used. One rectangle should be designated for the LiNbO3 substrate, one for the BOX 
layer, and one for the LiNbO3 thin-film. The waveguide is created in the thin-film. Each 
object in the can be edited by selecting the “Edit Properties” icon, , or simply right-
clicking the object and selecting “Edit properties of selected objects.” This opens up the 
editing window (Fig. A.3) with the following tabs: geometry, materials, rotations, and 
graphical rendering. The “Geometry” tab allows users to specify the length, width, 
height, and relative location of each object. The “Materials” tab allows users to assign a 
specific material to the object (e.g. LiNbO3, SiO2, etc.) and choose a mesh order. In  
 
Fig. A.1. Material database window. 
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Lumerical, a mesh order of 1 corresponds to 6 points per wavelength (λ/6), 2 
corresponds to λ/10, 3 corresponds to λ/14, and so on. The “Rotations” tab allows up to 
 
Fig. A.2. Lumerical MODE Solutions home screen with a LiNbO3 waveguide, sample layer structure, 
and FDE solver. 
 
Fig. A.3. Editing window for objects. 
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three rotations about any coordinate axis, and the “Graphical Rendering” tab simply 
provides options for how the model will look in terms of transparency and detail on the 
home screen. Finally, to complete the model, a solver needs to be added. The FDE solver 
can be found under the “Simulation” tab on the home screen. The “Edit Properties” 
window for the FDE has a “General” tab to designate the background index of the 
simulation region, the simulation temperature and the solver orientation. The “Geometry” 
tab is the same as before. The “Mesh Settings” tab allows users to define how the mesh 
is defined, such as setting the minimum mesh step or number of mesh cells. For a 
smooth picture of the mode profiles (discussed in step 4), set the number of mesh cells to 
at least 1000. The “Boundary Conditions” tab lets users choose between perfectly 
matched layers (PML), metal, symmetric, anti-symmetric, and perfect magnetic 
conductor (PMC) boundaries for the simulation region. The remaining tabs were unused 
in this simulation. 
3. Fit and plot a theoretical model to the sampled data (Fig. A.4). The “Check” tab on 
the home screen opens up the “Material Explorer.” Here, users can select the material to 
which they wish to fit the Eigensolver model. Users can specify the fit tolerance and the 
maximum number of coefficients to use in the model. The auto-generated model should 
fit the real part of the refractive index well. The imaginary part of the refractive index 
depends on the loss calculated by the solver, but should be close to zero if no loss is 
introduced manually. The solver calculates some loss based on the bending loss. 
4. Run a mode analysis to find the modes of the waveguide (Fig. A.5). The simulation is 
started when the “Run” tab is selected from the home tab. This pulls up the “Eigensolver 
Analysis” window. The “Calculate Modes” buttons starts the analysis. The structure 
goes through a meshing process and then calculates the modes. The user can set the 
simulation frequency (or wavelength), the number of trial modes to find, and the 
refractive index around which to search for modes. The calculated modes are displayed 
in the “Mode List.” The user can select any mode to see its effective refractive index, 
loss, TE polarization fraction, and other details. There is an option to calculate the 
optical confinement factor of the waveguide. This can be found under the “Power and 






Fig. A.4. Sampled data with fitted Eigensolver model. 
 
 
Fig. A.5. Eigensolver analysis window showing calculated modes.  
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tab. Furthermore, a frequency sweep can be performed to obtain the effective index, the 
group index, and the group velocity for a desired mode. This operation can be found 
under the “Frequency Analysis” tab. 
 
All the devices that were simulated with FDTD Solutions were adapted from modules that 
already exist in the Lumerical library. The links to the modules and the modeling instructions are 
provided below.  
1. 2D grating coupler –  
https://kb.lumerical.com/en/pic_passive_grating_coupler_2d.html. 
2. 3D grating coupler and taper design  -
https://kb.lumerical.com/en/pic_passive_grating_coupler_3d.html. 
3. 3D microring and microdisk – 
https://kb.lumerical.com/en/pic_passive_getting_started_ring_resonator_mode1_instructi
ons.html. 
It is important to remember that LiNbO3 must be established as a material in FDTD Solutions as 
well. The steps to this are the same as the ones detailed above for establishing a new material in 
MODE Solutions.  
 
Finally, the Lumerical Knowledge Exchange community (https://kx.lumerical.com/) provides 






Appendix B: Process Recipes 
 
This appendix describes the process recipes that were primarily derived from [47] and used for 
the fabrication steps described in Chapter 5. It should be noted that these recipes were used for 
the devices discussed in this thesis, but will likely need to be adapted for the specific machines 
and materials being used to etch and process LiNbO3, as well as the type of device. Furthermore, 
using 2-3 dummy LiNbO3 samples to test each recipe immediately before each processing step 
on the formal sample is highly recommended.  
 
The complete fabrication recipes are as follows: 
1. The etching selectivities of LiNbO3 to SiO2 and of LiNbO3 to chromium (Cr) need to be 
characterized. This is done through fabrication steps 1-5 listed in chapter 5, removing the 
final layers one by one, and measuring the etch profile with the profilometer after the 
removal of each layer. This measurement provides the total thickness of etched LiNbO3, 
SiO2, and Cr. The sample can be put into a Cr etchant solution to remove the Cr only. 
Another profilometer measurement gives the thickness of the Cr that was etched and the 
thickness that remains is composed of LiNbO3 and SiO2 only. The remaining sample can 
be placed into a hydrofluoric acid (HF) solution to remove the SiO2. After wet etching 
with HF, a final profilometer measurement indicates the thickness of SiO2 that is 
removed and the thickness of LiNbO3 that has been etched. Comparing the actual values 
of the thickness of each layer provides the insight needed to characterize the etch 
selectivities and also the actual deposition rates of SiO2 and Cr. For this research, the 
following selectivities were obtained: 
a. LiNbO3: SiO2 ~ 1:1 
b. LiNbO3: Cr ~ 1:0.56 
Based on these etch selectivities, the total thickness of SiO2 that needs to be deposited is 
equal to the thickness of the LN thin-film (+410 nm) and the thickness of the SiO2 top 
cladding that must remain after the full fabrication process (+500 nm), with the thickness 
of SiO2 corresponding to the thickness of Cr subtracted out (-60 nm/0.56).  For the 
devices presented in this thesis, a total of 803 nm needed to be deposited. 
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2. The first step is to clean the LiNbO3 sample thoroughly once it is taken out of its package. 
For proper cleaning, the sample should be put in a beaker of acetone and placed in an 
ultrasound bath for 5 minutes. The ultrasound setting should be low. Then the sample 
should be moved to a beaker of isopropyl alcohol (IPA) immediately and put in the 
ultrasound again for 5 minutes. Finally, the sample should be rinsed using the standard 
clean process of acetone/IPA/de-ionized (DI) water/IPA dried using a dehydration step 
where the sample is placed on a hot plate at room temperature and heated to 120oC for 1 
minute. Finally, the sample should be cleaned off using a nitrogen (N2) air gun to brush 
off any remaining dust particles. The procedure in step 2 will be referred to as the 
modified clean process for the rest of the thesis. Optical microscope and scanning 
electron microscope (SEM) images should be taken to visualize the surface of the sample.  
3. SiO2 is deposited using plasma enhanced chemical vapor deposition (PECVD). The gases 
used in this to form SiO2 are nitrous oxide (N2O) and silane (SiH4). The step-by-step 
procedure of operating the PlasmaLab PECVD machine can be found at: 
https://mntl.illinois.edu/facilities/cleanrooms/equipment/documents/PlasmaLab%20PEC
VD%20System.pdf. However, there are a few changes that need to be considered when 
using LiNbO3. LiNbO3 is a delicate material that is prone to cracking with sudden 
changes in temperature. Thus, when heating the deposition chamber, it is important to 
load the LiNbO3 sample first and have it heat up gradually with the chamber. Similarly, 
when the deposition is finished, it is important to let the sample cool down in air without 
putting it on a cooling plate and before removing it from the chamber. The deposition rate 
for the PlasmaLab PECVD machine is approximately 23 nm/minute and the entire 
process takes approximately 35 minutes. It is important to take optical microscope and 
SEM images after this step to make sure the deposited film is uniform. 
4. The sample should be cleaned for electron-beam (e-beam) lithography to transfer the 
pattern for the devices onto the sample. Once the sample is returned it is important not to 
use acetone to clean it, as acetone will wash off the undeveloped e-beam resist and ruin 
the etching process. Also, it is important not to take SEM images of the sample at this 
stage because the high voltage from the microscope will cause the resist to swell, also 
destroying the pattern. Optical microscope images, however, should be taken. 
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5. Cr deposition is done using the CHA evaporator. The instructions to using the machine 
can be found here: 
https://mntl.illinois.edu/facilities/cleanrooms/equipment/documents/CHAprocedure.pdf.  
For Cr evaporation, the power level should be no more than 30%. The system should be 
changed to manual control when Soak Power 2 is underway (Soak Power 1 is when the 
electron beam turns on). The Cr evaporation rate is not linear, so it is important to control 
the power and the deposition rate carefully. 60 nm of Cr was deposited for the devices 
discussed in the thesis.  
6. Lift-off is carried out to remove Cr and e-beam resist from areas on the sample that were 
not patterned. To remove the unwanted resist and Cr, the sample is placed in a beaker of 
acetone and put into the ultrasonic bath for 10 minutes. The sample is carefully 
transferred to a beaker of IPA and put into the ultrasonic bath for 10 minutes. These two 
steps (acetone ultrasound followed by IPA ultrasound) are repeated two more times. The 
sample is then rinsed using IPA and dried using N2. Finally, the sample goes through a 
dehydration process where it is heated from room temperature to 120 oC on a hot plate. 
Optical microscope and SEM images should be taken. The sample should go through the 
modified clean process before the next step. 
7. The top layer of SiO2 is etched in the Oxford Instruments machine through inductively 
coupled plasma—reactive ion etching (ICP-RIE).  The operation manual can be found at: 
https://mntl.illinois.edu/facilities/cleanrooms/equipment/documents/Oxford%20Freon%2
0ICP-RIE%20Procedure.pdf. The recipe used for this sample is stored in the machine as 
“MNTL-SiO2 high etch rate.” The recipe has a high etch rate with ICP and without argon 
(Ar), and is highly selective to the mask. The settings for the recipe are: 
a. 40 sccm CHF3 
b. 0 sccm Ar 
c. 50 W RF power 
d. 20 V DC bias 
e. 1500 W ICP power 
f. 5 mTorr pressure 
g. 20 oC temperature 
h. 10 T helium pressure 
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The carrier wafer used to hold the sample is made from aluminum oxide, and the etch 
rate is 258 nm/min. Since the LiNbO3 sample used had approximately 803 nm of SiO2 on 
top, the etch time was set to 3 minutes 7 seconds. Once again, the sample should undergo 
optical microscope and SEM imaging. Additionally, the etch profile should be checked 
with the profilometer. The average etch depth should be approximately the sum of the 
oxide thickness that was deposited and the Cr thickness. Finally, the modified cleaning 
process should be done before the next step. 
8. The final step is etching the LiNbO3 sample in the PlasmaTherm through ICP-RIE. The 
operation manual can be found here:  
https://mntl.illinois.edu/facilities/cleanrooms/equipment/documents/PlasmaTherm%20IC
P.pdf. The gases used to etch LiNbO3 are chlorine (Cl2) and boron tricholoride (BCl3). 
The settings for the recipe are: 
a. 5 mTorr Pressure 
b. 15 sccm BCl3 
c. 5 sccm Cl2 
d. 18 sccm Ar 
e. 0 sccm all other gas lines 
f. 280 W RIE power (RF1) 
g. 900 W ICP power (RF2) 
h. 3 minutes etch time for 400 nm LiNbO3.  
Once the etching is completed, the etch profile needs to be checked using the 
profilometer. The PlasmaTherm etches SiO2 along with Cr. By the end of the process, all 
of the Cr should be etched away, along with 410 nm LiNbO3 and 500 nm of SiO2. The 
average etch depth should be approximately 910 nm. As usual, optical microscope and 
SEM images should be taken, and the sample should undergo a standard cleaning process. 
 
The operation manual for the SEM can be found here:  
https://mntl.illinois.edu/facilities/cleanrooms/equipment/documents/SEM4800training.pdf. Since 
LiNbO3 is an insulator, the sample charges significantly under the SEM. A power setting of 5-10 
keV and a current setting of 7-10 µA are recommended. An anti-charging layer can be used only 
if the sample will not undergo further optical testing. 
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Appendix C: Testing Programs 
C.1 Thorlabs APT Program 
The Advanced Positioning Technology (APT) software provided by Thorlabs is used to control 
the X, Y, and Z movement of the translation stages via motorized actuators (ZST225B). The 
software provides a user-friendly interface to control the distance traveled, the velocity, 
acceleration, step size, and step profile of the actuators. The graphical user interfaces (GUIs) are 
shown in Fig. C.1. The motors are assigned to each GUI based on their serial numbers, written 
on top of each panel. The maximum velocity, maximum acceleration, and step size settings used 
for moving the sample translation stages during the measurement process were 0.05 mm/s, 0.1 
mm/s2, and 0.005 mm, respectively. 
 
The APT software can be downloaded at:  
https://www.thorlabs.com/software_pages/ViewSoftwarePage.cfm?Code=Motion_Control 
 




Fig. C.1. APT GUI showing one panel per coordinate direction. 
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The actuators can also be manually controlled with the K-cube controllers; however, this mode 
of operation is NOT recommended because the jog buttons and the scroll wheels can sometimes 
get stuck and lead to inadvertent movement causing physical damage to the fiber array, sample, 
or actuators. 
 
C.2 LabVIEW Alignment Program 
The main LabVIEW program used for testing is FindFirstLight.vi. It was written by Dr. Lynford 
Goddard and used for obtaining optimal alignment of the optical fibers to the grating couplers on 
the LiNbO3 sample. The front panel of FindFirstLight.vi is shown in Fig. C.2. Before running the 
program, the APT software must be closed and the following settings should be in place: 
1. A proper file path should be specified. 
2. In the Setup pull-down menu, the default is “DPM Pinhole (Xiaozhen)”. This needs to be 
changed to “2103 Angled.” 
3. Overwrite GoToPos With CurrentPos should be turned on. This function calls the last X, 
Y, and Z position from the APT software. It is often useful to note down the last 
coordinates from the APT software and enter them into the “CurrentPosition (mm)” 
dialog boxes as a precaution. 
4. “MiniScan?” should be turned on.  
5. The default settings for “FramesPerSec”, “Sampling Rate (Hz)”,  
“MaxXYMoveFromCurrentPosition (mm)”, and “MaxZMoveFromCurrentPosition 
(mm)” are 10, 40000, 4, and 0, respectively. These do not need to be changed. 
6. The “MaxVelocity (mm/s)” and “MaxAccel (mm/s2)” should be set to 0.05 and 0.1, 
respectively.  
7. “DesiredSearchTime (s)” should be set to a number between 50-70. 
8. “MiniScanMaxMoves (mm)” specifies the distance the program scans with the starting 
position as a center point. For the measurements in this thesis, the program was run three 
times with the “MiniScanMaxMoves (mm)” X and Y positions starting at 0.05, going to 
0.025, and finally ending at 0.01 with each scan. The Z position was always kept at 0 to 
avoid the optical fiber accidentally crashing into the sample. 
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9. The program communicates with the motors and actuators through the use of a data 
acquisition (DAQ) card. To ensure proper communication, the correct serial numbers for 
the motors must be entered into the block diagram of the program (Fig C.3). 
 
When the program is started, the user is prompted to make sure the APT program is closed. Both 
running LabVIEW programs that interface with the motion controller while the APT program is 
still open, and running the program and disconnecting the actuator’s USB cable, cause LabVIEW 
 
Fig. C.2. Front panel of FindFirstLight.vi. 
 
 
Fig. C.3. Location of serial numbers in FindFirstLight.vi block diagram.  
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to repeatedly issue error dialog boxes. The user must force close LabVIEW and reboot and re-
home the actuators. After checking that the APT program is closed, the program prompts the 
user to turn off or block the laser. The program does an initial calibration and records the 
baseline voltage of the system in order to zero the voltage results before asking the user to turn 
on/unblock the laser. The program then sets the starting position as the current position from the 
APT system and waits for the user to press begin. As the program runs, it moves the sample in 
the chosen trajectory and records the voltage for the transmission of the grating couplers at each 
location to find the position of the maximum transmission. It stores the top five locations and 
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